Scarcity of water is the most severe constraint for development of agriculture in arid and semi-arid areas. Under these conditions, the need to use the available water economically and efficiently is unquestionable. Based on the actual crop need, the irrigation management has to be improved so that the water supply to the crop can be reduced while still achieving high yield. The purpose of this study was to determine the water use efficiency of maize (Katumani cultivar) under deficit irrigation practice and to identify crop growth stages during which the crop can withstand water stress with limited effect on yield. The field experiment was conducted at the experimental farm of Haramaya University located in Dire Dawa, Ethiopia. The treatments consisted of ten different levels/timings of irrigation water application. Treatments T1 and T2 were respectively normal irrigation and 75% deficit irrigation throughout the growing season. T3, T4, T5, and T6 were stressed by 75% at a specific stage: initial stage, development stage, mid season stage, and late season stage respectively. T7, T8, T9, and T10 were stressed by 50% at the respective four growth stages. The result showed that variation in level (amount) of irrigation water application had a significant impact on grain yield. In the case of stress by 75% deficit at a specific stage, the effect of stress was severe during the mid season stage. The mid season stage was the most sensitive to water stress. On the other hand, water deficit during the early and maturity stage had a limited effect on yield. Stressing the crop by 75% deficit throughout the growing season resulted in the highest yield reduction. However, the crop water use efficiency was the lowest (1.72 kg/m 3 ) at optimum irrigation water application and the highest (2.96 kg/m 3 ) at stress of 75% deficit throughout the growth season. Although at individual farmer's level, maximum yield is obtained when the entire crop water requirement is fulfilled, practicing deficit irrigation could increase the irrigated area as a result of high water use efficiency.
INTRODUCTION
Ethiopia receives an apparently adequate rainfall for crop production if one considers country-wide average annual rainfall. However, the production of sustainable and reliable food supply is becoming almost impossible due to temporal and spatial imbalance in the distribution of rainfall and the consequential non-availability of water at the required period. Often, crop failure occurs because of unavailability of water at some critical growth stages. To curb such conditions, and improve water productivity, there is a growing interest in deficit irrigation, an irrigation practice whereby water supply is reduced below maximum level and mild stress is allowed with minimal effect on yield.
Under conditions of scarce water supply and drought, deficit irrigation can lead to greater economic gain by maximizing water use efficiency. The term water use efficiency is used to describe the relation between crop yield and water use [1, 2] . Increasing the amount of water used by the plant or increasing the yield of the plant can change water use efficiency. In this context, deficit irrigation provides a means of reducing water consumption while minimizing adverse effects on yield [3] . However, this approach requires precise knowledge of crop response to water as drought tolerance varies considerably by growth stage, species and cultivars. The optimum scheduling of irrigation for specified level of deficit water supply is determined by evaluating the effect of missed irrigation on crop yield [4] . Identifying growth stages of particular crops under local conditions of climate and soil fertility allows irrigation scheduling for maximum crop yield and most efficient use of scarce water resource.
Maize (Zea Mays L.) is one of the most important food crops worldwide. It has the highest average yield per hectare and is the third after wheat and rice in area and total production in the world. In Ethiopia, it is one of the leading food grains selected to assume a national commodity crop to support the food self-sufficiency program of the country [5] . Maize is fairly sensitive to water stress [6, 7] . Excessive moisture stress is the most limiting factor in maize production [8] . During establishment, it kills young plants and reduces plant density. During vegetative stage, it restricts leaf growth and expansion so resulting in stunted growth [8, 9] . With increasing moisture stress, the dry matter production of the crop decreases directly by decreasing cell division and enlargement and indirectly by reducing rate of photosynthesis [10] . Much of the past research on water stress on maize has consisted of full withholding of irrigation and conditions of severe water stress [11, 12, 13] . At the same time, there is also indication that maize yield is just a linear function of seasonal evapo-transpiration [14, 15, 16, 17] . Deficit irrigation of maize distributed over the whole growing season might not always result in increasing crop water productivity [16] . This is due to variation in sensitivity of different growth stages to water stress. It is essential to examine the effect of water stress at different growth stages on maize yield. Therefore, it is important to know the crop response to water deficit at different growth stages and under cropping and irrigation conditions of a given area.
Considering the scarcity of irrigation water in the region and the sensitivity of maize crop to moisture stress, this research was aimed at (1) determining the water use efficiency of maize under deficit irrigation practice and, (2) identifying crop growth stages during which the crop (maize) can withstand water stress with minimal effect on yield.
MATERIALS AND METHODS

Description of the experimental area
The experiment was conducted at Haramaya University research site in Dire Dawa (Ethiopia) from October to February 2006/07 a period which is considered to be dry in the area. The experimental site is located at 41 0 51'E longitude, 9 0 31'N latitude and at an altitude of 1160 m above sea level in a semi-arid belt of the eastern rift valley escarpment. The soil texture is clay loam. The area experiences a bimodal type of rainfall with mean annual rainfall of 556 mm. The mean annual maximum and minimum temperatures vary from 28 0 C to 35 0 C and 15 0 C to 23 0 C, respectively [18] .
Experimental layout and cultural practices
The experiment was laid out in a Randomized Complete Block Design (RCBD) with three replications. There were ten treatments made by varying the amount of irrigation water throughout the growing season and at specific growth stages ( Table 1) . The crop growing season was divided into four major growth periods: the initial stage (P1), development stage (P2), mid season stage (P3), and late season (P4). The initial stage (P1) runs from planting date to approximately 10% ground cover. The crop development stage (P2) is from 10% ground cover to effective full cover. The midseason stage runs from effective full cover to the start of maturity. The late season stage is from the start of maturity to harvest or full senescence [19] . The treatments were: one treatment with full irrigation throughout the growing season, one treatment with a quarter of the full irrigation (75% deficit) throughout the growth season, and eight treatments with a quarter (75% deficit) and one-half (50% deficit) of the full irrigation at one of the four growing stages, respectively.
Katumani, an early maturing cultivar of maize, was planted on 21 October 2006 at a spacing of 75 cm between rows and 25 cm between plants. The row length was 5 m and each plot consisted of five ridges and six furrows. The furrow had a 'V' shape with an average depth of 15 cm and width of 65 cm at the top. Fertilizer application was 100 kg/ha DAP (20% phosphorous) applied at planting and 150 kg/ha Urea split applied as 1/3 at planting and 2/3 when the plants reached knee height.
Crop water requirement and irrigation scheduling
Irrigation scheduling was done using the CROPWAT program and adopting the weekly irrigation interval commonly used by the farmers in the area. Crop water requirement was calculated using CROPWAT program based on the FAO Penman-Monteith method [9] :
Where ET m is the crop evapotranspiration, K c is the crop coefficient, and ET o is reference crop evapotranspiration. The reference crop evapotranspiration was calculated [19] as:
Where ET o is the reference crop evapotranspiration (mm/day); ∆ is the slope of the saturation vapor pressure curve (kpa 0/c); Rn is net radiation at the crop surface (MJ/m 2 day); G is the soil heat flux density (MJ/m 2 day); T is the mean daily air temperature at 2 m height ( 0 C); U 2 is the wind speed at 2 m height (m/s); e s -e a is saturation vapor pressure deficit (kPa); e s is the saturation vapor pressure at a given period (kPa); e a is actual vapor pressure (kPa); γ is the psychrometric constant (kPa 0 /c).
Irrigation water use efficiency (WUE) was calculated using the following relation:
Table 2 presents irrigation water applied under different irrigation regimes. As treatment 1 was conducted under no water stress, its consumptive water use was considered to be equal to the maximum crop water requirement ET m . Total ET m of maize was 419.2 mm for the growing period of 95 days. The gross irrigation requirement was computed by adopting a field application efficiency of 60%. Furrow irrigation application efficiencies normally vary from 45-60% [20] . In this experimental setup, water was applied with precise measurement; furrows were short and end-diked. As a result, there was no run-off and the only loss would be deep percolation which is expected to be not much in a deficit irrigation practice. Therefore, a higher value of application efficiency (60%) was adopted. Adopting this value of application efficiency, the gross seasonal irrigation requirement for treatment 1 (normal irrigation) was 686.2 mm. The amount of irrigation for other treatments was then calculated.
Treatment 2 (KT25) was fully stressed (received 25% of the needed irrigation requirement) throughout the growing season. Treatment 3 (T 1 25), treatment 4 (T 2 25), treatment 5 (T 3 25%), and treatment 6 (T 4 25%) were stressed at initial stage, development stage, mid season stage, and late season stages respectively. They received only 25% of the optimum irrigation at the respective growth stages and normal (full) irrigation at other stages. Treatment 7 (T 1 50), treatment 8 (T 2 50), treatment 9 (T 3 50) and treatment 10 (T 4 50) were stressed by one-half (50% deficit) at initial stage, development stage, mid season stage, and late season stages, respectively.
Data collection and analysis
Groundwater was pumped to a water tanker near the experimental farm. At the bottom of the tanker was an opening fitted with a water meter. Based on the pre-prepared irrigation schedule, the amount of water applied to each furrow was measured and conveyed to each furrow using plastic hose.
Grain yield was measured as weight of harvested grain in each plot and adjusted to 12.5% moisture, then converted to ton per hectare for each treatment. Total biomass yield was determined as the total above ground biological yield (grain and all other parts). Analysis of variance for the design was carried out for the parameters studied following the standard procedures applicable to randomized complete block design (RCBD). When the treatment effects were found significant, mean differences were tested using Duncan's Multiple Range Test (DMRT) at 5% or 1% level of probability. Analysis of variance was computed using the MSTATC software.
RESULTS
Maize crop yields from each treatment are shown in Fig. 1 . The average yield was 6.40 t/ha with a coefficient of variation CV of 1.76%. Using LSD test, first confirming that the F-test was significant at 5% and 1% significance level, it was found that water deficit at the initial stage and late season stage for both 75% deficit and 50% deficit, gave non-significantly (p>0.05) different yields from the optimum application T1 (Table 3 . However, for water deficit at the development stage, mid season stage, or during all stages for 75% deficit throughout the growing season, the yields were significantly different (p<0.01) from treatment 1 (KT100). Treatments T5 and T9 which were conducted under adequate watering conditions throughout the first two periods of the growing season, and followed by a period of stress at the mid season stage, resulted in the second and the third lowest yields of 5.49 t/ha and 6.14 t/ha, respectively. This tendency might be attributed to the fact that adequate watering conditions early in the season led to the development of an abundant leaf cover and a shallow root depth. Maximum yield of Katumani (7.11 t/ha) was obtained under optimum irrigation (T1). T2 which was subjected to the highest water stress (75% deficit) throughout the growth period, resulted in the minimum yield (3.05 t/ha).
Figure 1: Yield of maize crop under different irrigation treatments
In treatments T6 and T10 (75% and 50% deficit, respectively at the late season stage), the yield reductions were only 1.7% and 0.9% (Table 4 ). This yield reduction would have been much higher had the crop been subjected to water stress during any of the previous stages, especially in the mid season stage. The yield from T2 was much lower than those obtained from treatments with stress at individual growing stage of initial, development, mid season and late season stages. It is better to stress the crop at a specified growing stage of the crop rather than totally stressing throughout the season.
Analysis of variance on dry matter production revealed that variation in level of irrigation water application significantly (p<0.01) influenced the dry mater production. As it can be seen from Table 3 , an increase in level of irrigation water enhanced the dry matter production. Significantly higher dry matter production was obtained from the optimum irrigation (12.12 t/ha) and 50% deficit at the initial and the late season stages, 11.77 t/ha and 11.24 t/ha, respectively Table 4 presents the irrigation water use efficiency (IWUE) of maize under different levels and timings of irrigation. Applying only 25% of the full irrigation throughout the whole growing season (T2) resulted in the highest water use efficiency (1.78 kg/m 3 ). All deficit irrigations increased the water use efficiency from a minimum of 5.2% in T7 (50% deficit at the initial stage) to a maximum of 72% in T2 (75% deficit throughout the growing season). Higher water use efficiencies were obtained by stressing the crop by 75% at individual growth stages than stressing by 50%. At the mid season stage, even if its water use efficiency is lower, it is better to stress the crop by 50% deficit than by 75% deficit. In T4 and T8, there was an expected yield of T1  T2  T3  T4  T5  T6  T7  T8  T9  T10 Yield (t/ha ) Irrigation treatments 94.8% and 98.3%. In treatment T3 and T7 the IWUE was 1.12 and 1.09 times higher than T1. This suggests that increasing the areas irrigated with the water saved would compensate for any yield loss.
DISCUSSION
Stressing the crop during mid season stage reduced the yield significantly as compared to stressing the crop during the initial and late season stages. This stage has also the highest yield response factor (K y = 1.3) than the other three stages [21] . The most sensitive periods are those which correspond to flowering stage and root growth [22] . When a severe stress follows, the crop rapidly depletes the soil water stored in the root zone and wilts before the completion of additional root development at greater soil depths [22] . From deficit irrigation experiments on vegetables and cereals, it was found that lowest yield is obtained during the full stress (75% deficit) throughout the growing season; however, stressing the crops during initial and late season stage of the growing season does not affect the crop yield significantly [23] .
T4 and T8 received adequate irrigation during the initial, mid season stage and late season stage. The crop partially recovered from the stress during the development stage as indicated by its higher yield, 6.74 t/ha and 6.99 t/ha respectively, which was higher than that of T5 and T9. The ability of crops to partially recover the effect of early water stress has also been observed in other studies [22] . These studies revealed that under limited water conditions, it is better to start subjecting the crops to stress early in the season. By doing so, the crop adapts to limited watering conditions with the stress not being severely concentrated in any one time period.
Analysis of variance revealed that total biomass production was significantly (p<0.01) influenced by variation in level of water application. The biomass production in the experiment was proportional to the availability of water. As the stress intensity increased, biomass production decreased. These findings were in agreement with the experimental results reported in other studies which attributed lower leaf production and dry matter to water stress [24, 25] . A maximum biomass yield (25.89 t/ha) was obtained from treatment 1, whereas the minimum biomass yield (16.36 t/ha) was obtained from T2 (75% deficit throughout the growth season). Other studies in the area also found that biomass production per plant of haricot bean was significantly reduced due to soil moisture stress [26] .
Since dry matter accumulation is the balance between photosynthesis and respiration, any activity that promotes photosynthesis and decreases respiration will usually increase dry matter production. Hence, as an increase in amount of water application favours photosynthesis rate and decreases respiration rate, it results in high dry matter production. Soil moisture stress during vegetative and reproductive stages results in the reduction of above ground dry weight [26, 27] .
In this study the term irrigation water use efficiency (IWUE) was used instead of the traditional water use efficiency (WUE). This was thought to be better because not all irrigation water is used in the evapotranspiration processes, a fraction of the ETc comes from sources other than irrigation and the former can help to evaluate the productivity of irrigation [28] . Treatments which received lower amount of water resulted in higher IWUE. Higher water use efficiency is obtained from stressing the crop by 75% deficit at individual stage than stressing by 50% deficit. At the mid season stage since the crop is highly sensitive to water stress, even if its water use efficiency is lower, it is better to stress the crop at 50% deficit in order to have lower yield reduction (10.5%).
Figure 2: Yield-irrigagtion relationship
Linear relationship was found between yield and seasonal irrigation (Fig. 2) . Some studies have found similarly good linear relationships between yield and irrigation water applied in maize subject to deficit irrigation treatments [29, 30] . However, other studies found non-linear relationship between yield and seasonal irrigation [28, 31] . The relationship between yield and irrigation is affected by factors such as climate, soil properties and irrigation practices [12] . These factors should be taken into account when proposing deficit irrigation strategies.
CONCLUSION
Maximum maize biomass yield, grain yield and stover yield are obtained by applying optimum amount of water throughout the growing season. Fifty percent irrigation at the initial and late season stages resulted in statistically similar average grain yield and biomass as that of applying full irrigation requirement throughout the whole season. Meeting full water requirement during the first two growth stages of maize is not advisable if water shortage cannot be avoided during the remainder of the season, especially during the mid season stage. However, stressing maize either by one-half or three-quarters at the mid season stage results in lower yields next to stressing the crop throughout the growing season. This indicates that the most critical period for irrigation is the mid season stage. However, if water stress is unavoidable at the mid stage, it is better to stress the crop one-half deficit than by three-quarters. When water stress is imposed early in the growing season, high yield of maize could easily be sustained provided adequate watering conditions take place during the rest of the growing season.
Maize water use efficiency is lowest when optimum or maximum irrigation water is applied throughout the growth season and highest when water is stressed by threequarter throughout the growing season. Higher water use efficiency can be obtained by stressing maize crop by three-quarter deficit at individual growth stages than stressing by one-half deficit.
Overall, a strategy of stressing maize by one-half at the beginning and end of season, and using the water to irrigate a greater area, results in higher aggregate production than providing optimum irrigation throughout the season for a smaller area. 
